Low cost and ease of fabrication are important factors for solar-thermal applications in energyefficient buildings. This contribution reports the influence of oxygen on structure, optical properties and chromaticity of TiAlO x N y thin films prepared by DC magnetron sputtering. It is an extension of a previous study on colored solar-thermal absorbers based on titanium-aluminum nitride. The purpose is to investigate the possibility of using TiAlO x N y as middle layer to achieve a gradient effect.
Introduction
Materials of solar-thermal energy conversion have been studied for several decades [1, 2] . A variety of selective surfaces have been proposed and fabricated for solar thermal applications.
Among them, most of the commercially selective surfaces are constructed as absorberreflector tandems [3] [4] [5] . A tandem absorber consists of at least two layers with different optical properties: a coating having high absorptance in the solar wavelength range is deposited onto a highly IR-reflecting metal substrate. These layers together show spectrally selective properties. Widely used absorbing materials for solar-thermal coatings are composites which consist of very fine metal particles embedded in a dielectric matrix, also known as cermet materials [6] . Such composites are strongly absorbing in the solar spectral range due to the nano-size of the metallic particles. In the infrared spectral range, they rapidly become highly transparent with increasing wavelength. However, there is always a risk of aggregation and oxidation of the metallic particles in the cermet layer, so growing attention is paid to chemical compounds which are thermally stable and have intrinsic absorption in the solar range. Transition metal (or alloys) nitrides/nitro-oxides, such as TiN, TiN x O y and
TiAlN ，TiAlO x N y , have become popular as solar energy materials due to their good optical properties in combination with their thermal and chemical stability [7] .
The titanium/titanium-aluminum nitride films were initially applied to hard coatings on cutting and drilling tools due to their excellent mechanical properties and good oxidation resistance at high temperatures [8, 9] . TiAlO x N y films have also been applied as a diffusion barrier and electrically insulating layers in semiconductor memory devices [10, 11] .
Furthermore, TiN x O y /TiAlO x N y attracts much attention as a solar absorbing layer after M.
Lazarov et al. reported that TiO x N y thin films deposited on copper exhibited excellent solar selective properties [12, 13] tandem absorbers [16] . We have reported the solar-absorbing coating based on TiAlON/TiAlN with regard to its colored appearance as energy-saving materials used in buildings [17] . Energy consumption of houses and buildings contributes a large part of the total energy consumption in developed countries as well as in China. Solar-thermal applications in buildings can play more important roles if the integration of solar collector installations into buildings and the color appearance of the absorbers can be improved. An attractive appearance of the solar collectors in the construction of buildings is very important for architects and inhabitants. The integration of colored, decorative absorbers will lead to a wider acceptance among building architects and users. Furthermore, low cost and ease of production is also important for large scale applications. Using the same target to get a gradient effect is an easy way to reduce cost. For a cermet material, which is produced by reactive dc sputtering, gradually increasing oxygen (during processing) is an effective way to produce gradient coatings. When producing nitro-oxide, different amounts of oxygen in the compound change the optical properties of the films. In this study, the optical properties of titanium-aluminium nitride/nitro-oxide prepared by DC magnetron sputtering are presented and the influence of oxygen in TiAlO x N y on the optical properties is discussed. The purpose is to show that it is possible to use TiAlO x N y as middle layer material (in triple constructions [18] ) to achieve a desired gradient effect.
Sample preparation
The samples were prepared in a reactive dc magnetron sputtering unit Balzer UTT400 which is described in detail elsewhere [17] . Alloy titanium-aluminium at 50% of atomic ratio (99.99% pure)
was used as target to produce TiAlN and TiAlO x N y thin film. The substrates were Corning glass (7059) and aluminum sheets of size 50mm by 50mm. The substrates were cleaned in an ultrasonic bath, followed by de-ionized water rinsing and nitrogen gas drying.
Argon flow (99.999% pure) and nitrogen flow (99.999% pure) were fixed at 60 and 10 ml/min respectively for nitride film deposition. Oxygen (99.99% pure) flow was varied in a range from 0.14 to 1.5 ml/min under the fixed argon and nitrogen flows for nitro-oxide film deposition. The base pressure was 10 -5 Pa. The operation pressure was around 1 Pa.
Deposition was carried out under a sputtering power density of 35 W/cm 2 . In order to get a crystalline structure, the substrate was heated up to 350 o C. Detailed information of the samples used in this study is listed in table 1. Table 1 3. Optical and structure characterization
The optical performance of the TiAlN and TiAlO x N y thin films deposited on Corning glass was characterized by a Perkin-Elmer Lamda 900 UV/VIS/NIR double beam spectrophotometer. It is a dispersive type which uses a white light source and a grating monochromator to create light with a specified wavelength. The instrument is equipped with an integrating sphere to allow for measurements on a rough substrate such as rolled aluminium sheets [19] . A Spectralon sample was used for reference. The measured wavelength range is between 300 and 2500 nm with an interval of 5 nm.
To study the solar-thermal conversion of TiAlO x N y thin films, aluminum substrates were used to get tandem samples. The thermal emittance was characterized by the optical reflectance in the infrared range. The instrument used for such measurements was a TENSOR 27 from Bruker Optics. It is a type of Fourier Transform Infrared Reflectance (FTIR) spectrometer. In FTIR, the data are collected as an interference pattern by the connected computer and are processed with a Fast Fourier Transform technique to reform the spectrum. The Bruker
Tensor 27 is equipped with an integrating sphere coated with gold. The measuring wave number range is from 4000 to 450 cm -1 with a resolution of 4 cm -1 .
The total solar absorptance α calculated at normal angle of incidence is a weighted average, weighted by the solar spectral radiation. AM 1.5 solar spectrum was used, which is defined by the ISO standard 9845-1 (1992) [3] . The near normal thermal emittance ε is calculated as a weighted average, weighted by the blackbody radiation, I b (λ, T), for a given temperature.
X-ray diffraction measurements for TiAlN and TiAlO x N y thin films were performed by a Siemens D5000 diffractometer operating with a grazing incidence angle of one degree in parallel beam geometry using CuKα radiation (this wavelength is 1.540598 Å) and the diffraction pattern was analyzed between 24 o to 58 o Film resistance R f was measured by a square-probe which directly touches on the sample surface with a certain pressure. The probe consists of two parallel rows of four pin type contacts. The four contacts in a row are electrically connected and work as one pole, so the measured distance is kept the same. The reciprocal of film resistance is defined as film conductance.
Optical constant deduction
The optical constants of sputtered materials are usually different from the optical constants of the corresponding bulk materials. The calculation of reflectance spectra consisting of sputtered thin film requires experimentally determined optical constants. Many methods for the determination of optical constants have been reported [20] [21] [22] . Combined reflectance and transmittance measurement for the determination of optical constants is one among them. The method involves two measurements: reflectance and transmittance at a near normal angle of incidence on a semi-transmitting sample. Traditionally, the optical constants are then deduced by the cross point between iso-reflectance and iso-transmittance curves in the n-k plane for each wavelength, i.e. calculated point by point. Major problems can occur when the R-and Tcontours are almost parallel at their intersection, which causes uncertainties.
Instead of calculating point by point at each wavelength, the determination of the optical constants for the entire measured wavelength range was developed in our study for sputtered composite materials based on models of dielectric functions. Reflectance and transmittance spectra of modeled thin films on glass substrates can then be calculated and compared to the experimental reflectance and transmittance spectra. The dielectric function of each component usually contains more than one variable. These variables, as well as the film thickness, are then used as fitting parameters. Thus, the optical constants were deduced by fitting the theoretical reflectance and transmittance spectra to the experimental ones in the whole experimental wavelength range.
Modern computer technique provides a way to make the fitting procedure easy. The software we used is 'CODE' (Coating Designer) [23] where simulated spectra can be fitted to experimental data. Fitting results depend on models. Previous work shows that it is a good way to help design experiments.
Chromaticity
The color of the samples was numerically represented in CIE chromaticity diagram described in the Handbook of Optics [24] . A set of three color-matching functions, ) (λ x , ) (λ y and ) (λ z provide the numerical description of the chromatic response of the observer. Tristimulus values X, Y and Z are calculated from three similar integrations of the measured or simulated spectral power distribution data ) (λ P :
The spectral power distribution ) (λ P can be the product of a source spectrum and a measured or simulated reflectance spectrum of a sample. In the case of a neutral light source,
where R(λ) is the measured reflectance spectrum.
From the tristimulus values, the color coordinates x, y, z are defined as
In this paper, only the case of a neutral light source is discussed for simplicity. Data of three color-matching functions can be found in the Handbook of Optics [24] .
Results and discussion
6.1. XRD Structure of TiAlN coating Figure 1 shows the XRD pattern of a single layer pure nitride thin film, which shows the TiAlN structure characterized by the peak at 2θ=37.5 o with preferred orientation (111) [25] .
The sample was sputtered at a nitrogen flow of 10 ml/min with a substrate temperature of Under certain sputtering conditions, the effect of oxygen on TiAlO x N y is clear. Figure 2 shows the influence of the oxygen flow on the XRD pattern of TiAlO x N y , where the nitrogen flow was fixed at 10 ml/min and the oxygen flow was increased from 0.14 to 1.5 ml/min.
Generally, introducing oxygen during sputtering will produce TiAlON. Even a small ratio of oxygen to nitrogen flow, such as 0.14:10, reduced the peak intensity of TiAlN dramatically, and at the same time the peak of TiAlON appeared, indicating that oxidization of titaniumaluminum alloy is more active than nitrogenization.
Increasing the oxygen flow from 0.2 to 0.7 l/min, the peak intensity of TiAlN gradually decreased to zero (merged in background). Meanwhile, the peak intensity of TiAlON gradually increased to its maximum and both peaks of TiAlN and TiAlON shifted slightly to a higher angle position as the oxygen flow increased, which indicates that the lattice parameter decreased with the increase of O 2 flow. This is because both TiAlN and TiAlON are B1 cubic structures and the lattice constant of TiAlON (4.13 Å) is slightly smaller than TiAlN (4.17Å) [27, 28] . Increasing the oxygen flow further from 0.7 to 1.5 l/min caused the peak intensity of TiAlON to drop again and the peaks became broad, which indicates that the amount of crystalline TiAlON decreased and the cell size became smaller. This is possibly due to the formation of amorphous (TiAl)O 2 with increasing oxygen flow [26] .
Figure 2
From the results of figure 1 
Optical properties
The optical properties were also strongly influenced by the oxygen/nitrogen flow ratio. Figure   4 shows that the transmittance of the thin films gradually increases with the increasing oxygen flow in the whole oxygen flow range. Figure 5 shows that the absorptance of the thin film decreases with increasing oxygen flow. The absorptance A was deduced according to
where, R and T are the measured reflectance and transmittance values.
As well known, the gradient index coatings are important for solar absorbers because they are an efficient way to reduce the front surface reflectance loss, hence enhanced solar absorptance [29] . A three-layer absorbing coating is widely used as a simple structure for gradient coatings [18] . For a three-layer solar absorber, the base-layer is the main absorbing layer, so higher transmittance of the middle-layer will create a gradient effect when it is deposited on top of the base layer. From this point of view, TiAlON will be a good choice to be used as the middle-layer in the solar thermal absorbing coatings. 
Figure 6
The deduced optical constants of TiAlN and TiAlON are shown in figure 7 . It is clear that both the refractive index and the extinction coefficient are decreased as titanium-aluminium nitro-oxide is formed. The dispersion behaviour is similar to the nickel-nickel oxide cermet when metallic volume fraction was varied [30] . This behaviour gives the possibility of forming a desired gradient effect in solar absorbing coatings. 
Conductance
The reciprocal of the measured film resistance is defined as the film conductance. TiAlN shows the behavior as a good semiconductor (film resistance was about 30 kΩ with film thickness about 320 nm). However, the conductance decreases as oxygen flow is increased during preparation. When the oxygen flow reaches the value of 0.7 ml/min, the resulting TiAlON is almost an insulator (film resistance is about 4MΩ). 
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